Epitaxial GdTiO 3 / SrTiO 3 structures with different SrTiO 3 layer thicknesses are grown on ͑001͒ ͑LaAlO 3 ͒ 0.3 ͑Sr 2 AlTaO 6 ͒ 0.7 substrate surfaces by hybrid molecular beam epitaxy. It is shown that the formation of the pyrochlore ͑Gd 2 Ti 2 O 7 ͒ phase can be avoided if GdTiO 3 is grown by shuttered growth, supplying alternating monolayer doses of Gd and of the metalorganic precursor that supplies both Ti and O. Phase-pure GdTiO 3 films grown by this approach exhibit magnetic ordering with a Curie temperature of 30 K. The electrical transport characteristics can be understood as being dominated by a conductive interface layer within the SrTiO 3 Heterostructures with interfaces between band insulators, such as SrTiO 3 or LaAlO 3 , and Mott-Hubbard insulators, such as LaTiO 3 , have recently attracted attention for tailoring the wide range of emergent phenomena that are associated with strong electron correlations.
1-5 While many studies have focused on LaTiO 3 , other rare earth titanates ͑RTiO 3 , where R is a trivalent rare earth ion͒ offer additional functionalities, such as ferromagnetism. 6, 7 In GdTiO 3 , for example, the Ti magnetic moments order ferromagnetically and couple antiparallel to the ferromagnetic component of the Gd sites, giving rise to net ferrimagnetism below a Curie temperature of ϳ30 K. 6 Growth of epitaxial rare earth titanates is challenging because of the low oxygen partial pressures that are needed to stabilize Ti in a +3 valence state. Oxygenexcess ͓likely more accurately described as cation-deficiency or R 1−x Ti 1−y O 3 ͑Ref. 8͔͒ closes the Mott-Hubbard band gap and the magnetic ordering disappears. 9, 10 Intergrowth of the pyrochlore phase ͑R 2 Ti 2 O 7 ͒ is commonly observed under oxygen-rich conditions. 4, 11 In this Letter we show that phasepure, epitaxial, ferromagnetic GdTiO 3 / SrTiO 3 heterostructures with a Curie temperature close to that of bulk GdTiO 3 can be grown by molecular beam epitaxy ͑MBE͒. The electrical properties indicate contributions from a conductive interface layer in the SrTiO 3 .
GdTiO 3 / SrTiO 3 heterostructures were grown on ͑001͒ surfaces of ͑LaAlO 3 ͒ 0.3 ͑Sr 2 AlTaO 6 ͒ 0.7 ͑LSAT͒ single crystals with Ta-backing layers in a GEN930 oxide MBE system ͑Veeco, St. Paul, Minnesota͒ with a chamber background pressure of 10 −9 torr. A hybrid MBE approach with both gas and solid sources was used. 12 To supply Ti, titanium tetra isopropoxide ͑TTIP, 99.999% SAFC Hitech, St. Louis, MO͒ was evaporated, which also served as the source for oxygen. 13 Strontium ͑99.95%, Sigma Aldrich APL, Urbana, Illinois͒ and Gd ͑99.99%, Ames MPC, Ames, Iowa͒ were evaporated from effusion cells. The substrate temperature was 950°C ͑thermocouple temperature͒. Epitaxial SrTiO 3 layers with different thicknesses were grown by codeposition, as described elsewhere.
12 GdTiO 3 was deposited using shuttered growth with alternating monolayer doses of TTIP and Gd. All GdTiO 3 films in this study were ϳ19 nm ͑50 pseudocubic unit cells͒. No additional oxygen was supplied during either SrTiO 3 or GdTiO 3 growth. This was necessary to avoid the formation of Gd 2 Ti 2 O 7 but resulted in oxygendeficient SrTiO 3 . Furthermore, codeposition of Gd and TTIP using similar beam flux ratios also resulted in Gd 2 Ti 2 O 7 . A possible reason why shuttered growth assists in stabilizing the GdTiO 3 phase is that it allows for desorption of excess oxygen from the TTIP precursor before Gd is deposited. Films grown directly on LSAT without a SrTiO 3 buffer layer were amorphous. For scanning transmission electron microscopy ͑STEM͒ characterization, samples were capped with SrTiO 3 as uncapped samples were too sensitive to moisture to survive sample preparation. The magnetization as a function of temperature and magnetic field was measured in a Quantum Design ͑San Diego, California͒ Magnetic Properties Measurement System. Four-point probe sheet resistances and Hall coefficients as a function of temperature were measured using a Physical Properties Measurement System ͑Quantum Design PPMS͒ in Van der Pauw geometry with 40 nm Al/20 nm Ni/150 nm Au Ohmic contacts deposited by e-beam evaporation and wire bonded using a gold wire. Figure 1͑a͒ shows a -2 radial x-ray diffraction ͑XRD͒ scan of a GdTiO 3 / SrTiO 3 / LSAT heterostructure, showing hk0-type reflections of GdTiO 3 and the 00l reflections of the LSAT substrate. Bulk GdTiO 3 is orthorhombic with lattice parameters a = 5.407 Å, b = 5.667 Å, and c = 7.692 Å, 9, 14 while LSAT has a cubic structure with a = 7.736 Å. 15 Therefore, GdTiO 3 ͑GTO͒ films may grow with ͑001͒ GTO or ͑110͒ GTO parallel to ͑001͒ LSAT , respectively. The latter orientation has a smaller lattice mismatch. The out-of-plane lattice spacing measured in high-resolution XRD ͓3.921 Å, see inset in Fig. 1͑a͔͒ is very close to the out-of-plane ͑110͒ GTO plane spacing ͑3.924 Å͒, estimated from the elastic constants 16 and bulk lattice parameters, assuming that the GdTiO 3 film is strained in-plane to match the LSAT lattice parameter. Thickness fringes indicate a smooth surface and coherent growth. The high-angle annular dark-field ͑HAADF͒ STEM image shown in Fig. 1͑b͒ confirms the epitaxial relationship, chemically abrupt interface and the absence of pyrochlore-type and other extended defects.
The magnetization as a function of temperature is shown in Fig. 2͑a͒ for a Figures 2͑b͒ and 2͑c͒ show the magnetization as a function of magnetic field after subtraction of the diamagnetic and paramagnetic signal at 100 K. A ferromagnetic hysteresis appears at low temperatures ͓Fig. 2͑c͔͒. The Curie temperature ͑T c ͒ of 30 K and the small remanence and coercitivity are similar to bulk GdTiO 3 . 6 Because the magnetic ordering disappears for nonstoichiometric R 1−x Ti 1−y O 3 , 9 the results suggest that the films are reasonably close to stoichiometry. The magnetic properties of a sample with a thicker ͑44 nm͒ SrTiO 3 layer, which are more conductive, are similar, consistent with the fact that the magnetism is due to the GdTiO 3 layer and the conduction dominated by a space charge layer in the SrTiO 3 ͑see below͒. Figure 3 shows the sheet resistance as a function of temperature for samples with different SrTiO 3 buffer layer thickness. The Hall coefficients are negative for all samples, indicating that electrons are the dominant charge carriers with sheet carrier densities of ϳ3 ϫ 10 14 cm −2 . However, caution should be applied because Hall coefficients cannot be easily converted into carrier densities if more than one type of carrier is present, which may be the case here. For samples with SrTiO 3 layer thicknesses between 1.2 and 5 nm, the weak temperature dependence and strong signature of weak localization at low temperatures 17 is consistent with transport at the critical conductance at the transition to localization. Samples with thicker buffer layers are metallic: they have much lower sheet resistance and exhibit resistance ratios greater ϳ20, with a resistance decrease with temperature that is largely due to the increase in the mobility. As mentioned above, under these growth conditions, the SrTiO 3 layers should be oxygen deficient and metallic 18 and a continuous decrease in sheet resistance with increasing SrTiO 3 layer thickness would be expected. The results in Fig. 3 show, however, that the sheet resistance remains constant for SrTiO 3 buffer layers thicker than 20 nm. Despite the very reducing growth conditions, the results are thus consistent with the formation of an interfacial conductive layer at the SrTiO 3 / GdTiO 3 interface rather than uniform conduction throughout the SrTiO 3 . The upper thickness limit for this layer is 20 nm and relatively high mobilities around ϳ200-300 cm 2 V −1 s −1 ͑at 2 K͒ suggest that the conductive layer resides in the SrTiO 3 . Further studies are necessary to determine the origins of the interfacial conductive layer, which will require knowledge of the precise band lineups at the interface and of the influence of interfacial charge, such as may arise from the valence state mismatch between Sr and Gd at the interface. 19, 20 In summary, we have shown that epitaxial GdTiO 3 / SrTiO 3 heterostructures with phase-pure GdTiO 3 can be grown using a shuttered hybrid MBE approach. The magnetic properties are in good agreement with those of bulk, stoichiometric GdTiO 3 . The electrical transport shows contributions from an interfacial conductive layer in the SrTiO 3 . These heterostructures offer a wide range of opportunities for tailoring the magnetic properties of strongly correlated materials. 
